Thin hydrogenated amorphous silicon (a-Si:H) layers deposited by hot-wire chemical vapor deposition (HWCVD) are investigated for use in silicon heterojunction (SHJ) solar cells on p-type crystalline silicon wafers. A requirement for excellent emitter quality is minimization of interface recombination.
INTRODUCTION
The a-Si:H/c-Si heterojunction solar cell is a good solution to the problems associated with high-temperature junction formation because a-Si:H can be deposited at temperatures below 250°C. The simple planar structure of the SHJ may also help control processing costs. Applied to the full device area of a mtype crysta! silicon wafer as both the emitter and back-surfacefield (BSF) contact, thin intrinsic and doped hydrogenated amorphous silicon (aSi:H) double layers have demonstrated superior passivation capability as well as adequatecamer transport ability in high-efkiency silicon heterojunction solar cells in Sanyo's HIT structure [I] . The amorphous layers used in these n-type wafer-based HlT cells are deposited by plasma-enhanced chemical vapor deposition (PECVD) . In principle, HWCVD could be superior to PECVD for silicon heterojunction solar cells because of higher deposition rates, reduced ion bombardment of the base wafer, and high densities of atomic hydrogen (H) generation that may passivate the wafer interface region. However, obtaining high performance of heterojunction solar cells by using either PECVD or HWCVD. by groups other than Sanyo, has been a challenge. Efficiencies on the more commonly used and less expensive p-type silicon wafers have not been as high as on n-type wafers.
In this paper, we report our work on the silicon heterojunction solar cells based on ptype silicon wafers, using HWCVD for the entire emitter deposition process. To eliminate complications of the backside hetemjunctions
[Z], a standard AI-BSF is used, so that we may focus on 0-7X03-8707-4/05/$20.00 02005 IEEE.
understanding and optimizing the front interface passivation.
We study the effects of various gas treatments and deposition conditions prior to and during HWCVD deposition of the a-Si:H emitter. Some of the findings from HWCVD shoufd apply to a-Si:H emitter deposition in general, including PECVD. Effective a-Si:H/c-Si interfaces that allow efficient transport of charge carriers with minimal recombination loss is a prerequisite for high-performance heterojunction solar cells, in which a thin (-5 nm) intrinsic hydrogenated a-Si:H layer is generally interposed between the base wafer and the heavily doped emitter. This i-layer likely has a far lower density of defects and possibly a slightly larger energy gap than doped a-Si:H layers. If epitaxy extends through the i-layer. the defective interface will be contacted by the doped &Si:H which is a less effective passivant than the intrinsic layer. Partial epitaxy, highly defective epitaxy, or a mixed phase i-layer can all cause detrimental high dark currents, because the a-Si:H/c-Si interface area or defect density will be large and the bandgap will be smaller. The additional dark-current path 
EXPERIMENTAL
The material evolution and phase change are closdy monitored by real-time spectroscopic ellipsometry (RTSE) [3] with post-deposition data analysis, and samples are examined by high-resolution transmission electron microscopy (HRTEM). 
RESULTS AND DISCUSSIONS

Effect of deposition temperature
The crystallinity of the deposited Si layer is found to be very sensitive to the deposition temperature and crystal orientation of the substrate. Crystallinity, in turn, affects an SHJ solar cell's performance dramatically. In one set of experiments, RTSE clearly indicates epitaxial growth up to 30 nm in thickness on a (100) substrate at 200°C. On a (1 11) substrate at the same temperature. however, RTSE shows the film to be essentially a-Si:H as soon as the deposition starts. When the substrate temperature is higher, epitaxial growth can also be observed on (111) substrates. In Figure 1 , through HRTEM imaging, one can see that epitaxy persists for -15 nm at 375°C on a (111) wafer, encompassing the i-layer (5 nm) and extending well into the n-layer. As a result, the operrcircuit voltage (V0J of this device is only 487 mV. When we tower the substrate temperature to 100°C for both the i-and n-layer deposition, abrupt amorphous-silicon growth is obtained, even on a (100) wafer, and a Voe greater than 620 mV is obtained (Figure 2 ). Because of this tendency to grow epitaxial Si at higher HWCVD temperatures, V, decreases with increasing emitter de position tem perature. The beneficial effect of an abrupt interface is shown in interface recombination velocity (S), also. Figure 4 shows S as a function of i-layer deposition temperature. For passivations the n-layer temperature was fixed at 300°C to activate the n-layer dopants.
Reducing the i-layer temperature reduces S as Si epitaxy is suppressed. i-layer tempemture ("C) Fig. 4 . S vs. i-layer temperature (T) (n-layer at T=300"C).
Effect of hot-wire pretreatment with Hz
With the expectation that exposure to atomic hydrogen before i-and n-layer deposition would help clean the wafer surface, remove residual oxide, and passivate surface defects. we tried exposing the wafer to cracked H2 gas before film growth. However, HRTEM indicated that prolonged pretreatment caused strain and defects in the Si wafer ( Figure 5 ) and RTSE showed increased roughness at the interface. However, we find that a short atomic H pretreatment of the wafer (-10 sec) improved dark current and V, , as shown in Figures 6 and 7 . There has been some speculation that H pretreatment passivates ptype dopants near the wafer surface [6] ; this may be another reason that prolonged H exposure is detrimental to the replace the undoped a-Si:H layer in heterojunction devices on p-type wafers, Figure 8 shows that without H pretreatment, a thin intrinsic a-Si:H (i-layer) is critical to obtain good cell performance. On the other hand, Figure   9 indicates no clear advantage by using the i-layer in cells that are subjected to H pretreatment. However, these voltages are slightly lower (but better Jsc) due to the higher resistivity wafers used in the experiment. . -3-minute H pretreatment on (100) silicon. 
Hetemjunction vs. diffused junction
Using the same FZ wafers with an identical screenprinted and belt-fumace fired AI-BSF. we fabricated both the heterojunction (HJ) and diffused-junction (DJ) solar cells. Our heterojunction solar cells employing the optimized a-Si:H emitter structure exhibit the highest reported efficiency (16.9%), so far, for a flat-surface heterojuncton ( Figure IO) . The results listed in Table t show that V, , of the HJ devices is higher by about 15 mV than that of the DJ devices for both the 1 .O and 0.5 R a n substrates. This again indicates the excellent interface passivation provided by the a-Si:H emitter. Jsc, however, is about 5% less than the DJ devices. Spectral response measurements ( Figure 11) show that most of this current loss is due to poor blue response. Absorption measurements in our IT0 and a-Si:H layers suggest that most of this loss is due to parasitic blue absorption in the a-Si:H emitter. 
